Visual transduction in Drosophila is a G protein-coupled phospholipase C-mediated process that leads to depolarization via activation of the transient receptor potential (TRP) calcium channel. Inactivation-no-afterpotential D (INAD) is an adaptor protein containing PDZ domains known to interact with TRP. Immunoprecipitation studies indicate that INAD also binds to eye-specific protein kinase C and the phospholipase C, no-receptor-potential A (NORPA). By overlay assay and site-directed mutagenesis we have defined the essential elements of the NORPA-INAD association and identified three critical residues in the C-terminal tail of NORPA that are required for the interaction. These residues, Phe-Cys-Ala, constitute a novel binding motif distinct from the sequences recognized by the PDZ domain in INAD. To evaluate the functional significance of the INAD-NORPA association in vivo, we generated transgenic f lies expressing a modified NORPA, NORPA C1094S , that lacks the INAD interaction. The transgenic animals display a unique electroretinogram phenotype characterized by slow activation and prolonged deactivation. Double mutant analysis suggests a possible inaccessibility of eye-specific protein kinase C to NORPA C1094S , undermining the observed defective deactivation, and that delayed activation may similarly result from NORPA C1094S being unable to localize in close proximity to the TRP channel. We conclude that INAD acts as a scaffold protein that facilitates NORPA-TRP interactions required for gating of the TRP channel in photoreceptor cells.
Transmembrane signaling utilizing heterotrimeric GTPbinding proteins is ubiquitous in the nervous system. Drosophila visual transduction provides an ideal system for the molecular dissection of the G protein-mediated phospholipase C (PLC) mechanism (1) (2) (3) . In this signal transduction pathway, light stimulates rhodopsin, which activates an eye-specific G␣q (4, 5) . Activated G␣q triggers NORPA (no-receptor-potential A), a phospholipase C-␤ (6, 7) to catalyze the breakdown of phospholipids to generate inositol trisphosphate and diacylglycerol. Both G␣q and NORPA are essential for visual signaling, as mutants missing either of these two proteins display no response to light (7, 8) . The end result of this visual signaling is the opening of cation channels leading to depolarization of photoreceptors. Both TRP (transient receptor potential) and TRPL (TRP-like) are cation channels that are activated in the visual transduction process. These two proteins share homology with ␣-subunits of voltage-gated calcium and sodium channels in vertebrates (9) . The mechanism by which these two channels are gated remains to be explored. Recently TRP has been suggested to be the homolog of the storeoperated calcium channel in vertebrates (10, 11) . The storeoperated calcium channel in the plasma membrane is responsible for replenishing the internal calcium stores depleted during phosphoinositide-mediated process.
Inactivation-no-afterpotential D (INAD) is a photoreceptor-specific protein containing multiple PDZ repeats (12) (13) (14) . We previously reported that INAD interacts with the TRP calcium channel that is involved in light-induced depolarization (15) . Furthermore, we localized the interacting domains to PDZ3 of INAD and the C-terminal tail of TRP containing an internal Ser͞Thr-Xaa-Val motif (16) . The functional consequence of interaction is revealed in the InaD p215 mutant. We showed that InaD p215 displays aberrant recovery because it expresses a mutant INAD that exhibits no association with TRP. Based on these findings, we proposed that INAD plays a role in regulating the TRP calcium channel. Consistent with this hypothesis, we observed that the abnormal phenotype of InaD p215 is dependent on extracellular calcium; removal of calcium masks the defective electrophysiology (12) . Moreover, the double mutants containing both trp and InaD mutations display an electroretinogram (ERG) similar to that of trp, suggesting INAD acts either at or downstream of TRP. The calcium influx via TRP is involved in both positive and negative regulation of visual transduction (17, 18) .
In the Drosophila visual system, INAD has been shown to be a component of a signal transduction complex consisting of at least four proteins, INAD, TRP, NORPA, and INAC [eyespecific PKC (eye-PKC)], based on copurification and immunoprecipitation studies (19, 20) . The presence of signal transduction complexes has also been observed in other systems, such as A-kinase anchoring protein 79 (AKAP79) complexed with protein kinases A and C, and phosphatase 2B (21) . However, the in vivo functional significance of the complex formation remains to be addressed. We have taken advantage of this system in combination with the available transgenic approaches to gain insight into the physiological consequence of protein-protein interactions within the signaling complex. Our initial experiments concentrated on determining the location of respective interacting domains in INAD and NORPA. We have identified a novel tripeptide motif in the C terminus of NORPA that associates with INAD. Furthermore, we have investigated the in vivo functional consequence of the INAD-NORPA interaction by generating transgenic flies expressing a modified NORPA that displays no association with INAD. Electrophysiological characterization of the norpA transgenic flies reveals abnormal ERG with slow kinetics, suggesting that the association between INAD and NORPA is important in the regulation of activation and deactivation of visual transduction. The transgenic flies were further examined in the background of INAD complex-specific mutants to gain insight into the molecular basis of the defects. These results demonstrate the important role of a PDZ-containing adaptor protein to regulate signal transduction.
EXPERIMENTAL PROCEDURES
Generation of 35 S-Labeled Protein and Ligand Overlay Assay. 35 S-labeled proteins were generated by coupled in vitro transcription and translation by using the TNT system (Promega) in the presence of [ 35 S]methionine. The [
35 S]INAD overlay assays were carried out in a buffer containing 1ϫ PBS͞1.2 mM CaCl 2 ͞1 mM EGTA͞1% BSA͞0.2% Triton X-100 and wash with 1ϫ PBS͞5% milk powder͞0.2% Triton as described (16) .
Overexpression of NORPA Fusion Proteins in Bacteria. Fusion protein constructs were generated in pET8C or pGE-MEX1 vectors. Expression of fusion proteins was induced by infection with the CE6 bacteriophage expressing T7 RNA polymerase (22) as described (12) .
Generation of Anti-NORPA and Anti-PKC Polyclonal Antibodies. Polyclonal anti-NORPA and anti-PKC antibodies were generated by immunizing rabbits according to a standard protocol (23) . The antigens used were NORPA(553-1074) and eye-PKC(562-700), obtained from bacteria by overexpression.
Extraction of Fly Heads. Fly heads were isolated and homogenized with buffer A (50 mM Na phosphate͞5 mM EDTA͞1% Triton X-100, pH 7.0͞1 mM benzamidine͞1 mM benzamide) by Polytron (Brinkmann; 6 times for 5 sec), and incubated for 30 min at 4°C with constant agitation. The supernatant (buffer A extract) was collected following 100,000 ϫ g centrifugation. The pellet was resuspended in buffer B (0.2% SDS͞2% Nonidet P-40͞100 mM Na phosphate, pH 7.0͞10 mM EDTA) and incubated for 30 min at 4°C. Following 100,000 ϫ g centrifugation, the supernatant was saved as the buffer B extract. The buffer B extracts were used in immunoprecipitation assays.
Immunoprecipitation. Assays (23) were carried out by using buffer B extracts and protein A-Sepharose (Sigma). The immunoprecipitates were washed with buffer B, denatured, and analyzed on a 10% SDS͞PAGE gel. Western blot analysis was carried out as indicated (12) .
Immunof luorescence and Confocal Microscopy. Flies reared at 21°C for Ͻ24 h posteclosion were used for the immunolocalization experiments according to Porter and Montell (24) with some modifications. After fixation, tissues were rinsed in 0.1 M phosphate (pH 7.4), immersed in OCT (Tissue-Tek, Miles) and rapidly frozen in liquid N 2 . Sections (8-10 M) were prepared on a Jung CM3000 cryostat (Leica, Deerfield, IL) and lightly fixed in 0.5% formaldehyde͞1ϫ PBS for 10 min. Sections were incubated with primary antibodies followed by fluorescent labeled secondary antisera (Jackson ImmunoResearch). Confocal images were collected on a Zeiss LSM 140, processed in Adobe PHOTOSHOP 3.0, and montaged in CANVAS 3.5.
P-Element Mediated Germ-Line Transformation. The mutant or wild-type (wt) norpA cDNA was subcloned into a modified pCaSpeR 4 vector (25) that contains the Drosophila hsp70 promoter. The P-element construct and a transposase plasmid were injected into the W 1118 embryos to generate transgenic flies (26) . Flies with the transgene integrated into the second or third chromosome were selected and crossed with norpA p24 for further analysis.
ERG Recordings. ERG recordings were carried out as described (12 (Fig. 1 Left) . NORPA is a polypeptide of 1,095 residues (6) with an estimated molecular mass of 125 kDa and it comigrates with DIP2 by Western blot analysis ( Fig. 1 Right) . Based on these findings and immunoprecipitation ( Fig. 2) , we conclude that DIP2 is NORPA. These results confirmed the previously published work of Huber et al. (19) and Chevesich et al. (20) .
Stable Association Between INAD and NORPA in Photoreceptors. To explore whether the in vitro interaction between INAD and NORPA is also present in vivo, we further investigated the association in fly extracts. In wt head extracts, anti-INAD antibodies immunoprecipitate both INAD and NORPA ( Fig To further investigate if the association is activity-dependent, we analyzed extracts prepared from dark-adapted wt and ninaD flies. The ninaD mutation affects retinal metabolism, leading to a drastic reduction of rhodopsins (27) . However, the INAD-NORPA interaction appears to be preexisting or constitutive, and is not dependent on functional visual transduction, as this association is also detected in dark-adapted wt flies and in the ninaD mutants (data not shown).
NORPA Interacts Through a Domain that Spans the CTerminal Half of INAD.
To gain insight into the molecular basis of the INAD-NORPA interaction, we used overlay assays to identify the sites of association. We generated several 35 S-methionine-labeled probes containing overlapping regions of INAD to evaluate the association with NORPA from wt retinas. INAD is a polypeptide of 674 residues containing five PDZ domains that span residues 19-94 (PDZ1), 254-323 (PDZ2), 371-443 (PDZ3), 493-565 (PDZ4), and 589-655 (PDZ5) (F.M.A. and B.H.S., unpublished data). As summarized in Fig. 3A (Fig. 4B) . We used site-directed mutagenesis to further identify critical residues required for the NORPA-INAD association in the tripeptide interacting motif. We found that the phenylalanine residue (F), when mutated to either a leucine (L) or a valine (V), leads to a loss of interaction (Fig. 4B) . Similarly, mutations that convert the penultimate cysteine residue (C) to either a serine (S) or an arginine (R) also eliminate the association with INAD (Fig. 4A Right, lanes  6 and 7) .
Transgenic Flies Expressing NORPA C1094S Display a Unique ERG Phenotype Characteristic of Slow Kinetics. To gain insight into the functional consequence of the INAD-NORPA association in vivo, we examined the visual electrophysiology of the transgenic flies expressing a modified norpA in which the codon for the cysteine residue at 1,094 was converted to that of a serine. This point mutation results in a loss of the INAD interacting activity as shown by the in vitro overlay assay (Fig.  4) . Transgenic flies were generated by introducing norpA C1094S under the control of the Drosophila hsp70 promoter, into the germ line of the embryo. As a control, we also generated transgenic flies expressing a wt copy of the norpA cDNA. The expression of norpA in flies can be induced by heat shock treatment starting at late pupal stages, when endogenous proteins involved in visual transduction begin to express (12) . Fig. 5A shows ERG recordings of norpA p24 , wt norpA, and norpA C1094S following heat shock treatment. norpA p24 , a null allele, exhibits no response to a 2-sec orange light pulse due to the absence of NORPA (7) . Expression of wt norpA in the norpA p24 background restores the light response with fast kinetics of depolarization and repolarization, similar to that of wt flies. In contrast, transgenic flies expressing norpA C1094S in the norpA p24 background have an ERG with slower kinetics ( Fig. 5A) . However, in wt background the expression of norpA C1094S leads to a wt physiology, suggesting that the modified NORPA does not interfere with the activity of wt protein. We compared latencies (Fig. 5B) , initial slopes (rate to reach 50% response following the initiation, Fig. 5C ), and declining phase (time to resting potential, Fig. 5D ) of ERGs between wt norpA and norpA C1094S transgenic flies. We observed long latencies (wt, 10 Ϯ 5; norpA C1094S , 125 Ϯ 30 msec) and reduced initial slopes (wt, 44 Ϯ 5; norpA C1094S , 16 Ϯ 3 mV͞sec) in norpA C1094S flies. These findings suggest that activation of the visual response is delayed in norpA C1094S . Furthermore, following the termination of light, repolarization is much prolonged as the time to resting potential is also lengthened (wt, 4.5 Ϯ 0.4; norpA C1094S , 22.6 Ϯ 2 sec; Fig. 5D ). This suggests a possible deactivation defect in the norpA C1094S transgenic flies. This phenotype of defective activation and seemingly defective deactivation is not due to low level of expression of protein (see below, Fig. 7A ), because expression of a similar level wt norpA leads to a wt ERG in the transgenic flies (data not shown). C1094S . The activation and deactivation defects resulting from a loss of the INAD-NORPA interaction were investigated via electrophysiological analysis of norpA C1094S alone, and in the genetic backgrounds of INAD complex-specific mutants (i.e. inaC p209 , InaD p215 , and trp p301 ). Interestingly, the norpA C1094S phenotype is very similar to that of inaC p209 ( Fig. 6 A and D) . The inaC gene encodes eye-PKC and mutants such as inaC p209 that lack the gene product display an abnormal visual phenotype involving defective deactivation and light adaptation (29, 30) . Shown in Fig.  6A are ERGs of inaC p209 (Upper) and norpA C1094S ;inaC p209 (Lower) flies. We show that the deactivation waveform of the double mutant is similarly delayed as in the norpA C1094S fly but requires more time to completely repolarize. This is most likely attributed to the additional failure of quantum bump termination normally seen in inaC flies, as shown (30) . It is important to note, however, that the latency to activation in the norpA C1094S ;inaC p209 fly is almost identical to that of the norpA C1094S fly (data not shown).
Double Mutant Analysis Reveals Molecular Basis of Activation and Deactivation Defects in norpA
The contribution from TRP and TRPL channel activity in the visual response of norpA C1094S flies was uncovered using norpA C1094S ;trp p301 double mutants. The trp p301 mutant lacks functional TRP channels and cannot maintain a sustained response to light (ref. 15 , see also Fig. 6B Upper) . As expected, the norpA C1094S ;trp p301 flies display a much reduced response to light (Fig. 6B Lower) relative to our other mutants, suggesting that most of the current seen in the norpA C1094S and norpA C1094S ;inaC p209 flies was primarily composed of TRP conductance. In addition, the response seen in trp p301 , which is primarily composed of TRPL current, is also drastically affected when norpA C1094S is introduced into the background. The latency of activation of the TRPL channels was approximately twice that of the latency seen in the other norpA C1094S mutants.
To determine how the mislocalization of TRP affects the visual response in a system where NORPA is also mislocalized, we introduced norpA C1094S into the InaD p215 background, where TRP is not able to bind to the INAD complex (16) . ERG analysis of norpA C1094S ;InaD p215 double mutant flies revealed a profound loss of the visual response (amplitude of response) as compared with norpA C1094S single mutants (Fig. 6 C Lower  and D) . To insure that this was not due to the absence of TRP channels, we performed Western blot analysis and found that the level of TRP in norpA C1094S ;InaD p215 flies was of wt levels (data not shown). Furthermore, this weakened response was still larger than the response of mutants with no functional TRP (Fig. 6D) , suggesting that some TRP channels are indeed activated. Together, our findings indicate that activation of the depolarizing current in norpA C1094S flies is partially abolished when TRP is no longer closely associated with INAD. Similarly, the reduced response of TRPL in the norpA C1094S background suggests that NORPA may act to directly regulate TRPL conductances, in addition to TRP.
Random Subcellular Distribution of NORPA C1094S in Photoreceptor Cells. The expression and subcellular localization of the modified NORPA were determined. Fig. 7A shows Western blot analysis from flies of the following genotypes: wt (Wt), norpA p24 (norpA), trp p301 (trp), inaC p209 (inaC), norpA C1094S ; norpA p24 (two lines, lane 1 and 2) and norpA C1094S ; ϩ (lane 3). The level of NORPA C1094S in transgenic flies is about 5-10% of wt (Fig. 7A Left, lanes 1 and 2) . This low level of expression may be due to reduced stability of the modified NORPA. However, the level of INAD (Fig. 7A Left) , PKC (Fig. 7A  Right) , and TRP (Fig. 7A Right) is similar to that of wt. Moreover, flies expressing norpA C1094S in wt genetic background contain wt level of NORPA (Fig. 7A Left, lane 3) . By an overlay assay we showed that NORPA C1094S from transgenic flies fails to associate with [ 35 S]INAD (data not shown).
We also examined the subcellular distribution of the modified NORPA by immunofluorescence using confocal microscopy. Unlike that of wt, we found no preferential localization of NORPA C1094S in rhabdomeres (Fig. 7B) . However, the rhabdomeric distribution of INAD is not altered in norpA C1094S flies.
DISCUSSION
Scaffold proteins such as AKAPs are involved in the targeting or assembling of macromolecular complexes to facilitate protein-protein interactions that may be critical for regulation of signal transduction. In Drosophila photoreceptors, INAD, a novel adaptor protein with five PDZ domains, has been shown to interact with multiple polypeptides involved in the visual cascade (19, 20) . We showed previously that INAD interacts with the TRP calcium channel, and a loss of the INAD-TRP association leads to slower recovery of the visual response, possibly due to defective TRP channel activity (16) . The fact that INAD also associates with NORPA, the effector of the visual cascade, is intriguing. NORPA belongs to the phospholipase C-␤ family with high similarity to PLC-␤4 isoform (31, 32) . PLC-␤ is activated by the ␣-subunit of the heterotrimeric G proteins such as Gq and G11, or the ␤␥ subunits (for reviews see ref. 33 ). To date, little is known about the regulation of PLC-␤ in vivo.
Numerous studies on Drosophila visual transduction have shown that disruption of any components in the INAD complex results in significant changes in the fly's response to light (6, 15, 18, 30) . Therefore, the stable interaction between NORPA and INAD within the complex assuredly has a major functional importance. Indeed, colocalization of INAD and NORPA in the rhabdomere is required in the modulation of visual response kinetics, as revealed in transgenic flies expressing a non-INAD associating NORPA. Our findings indicate that a lack of the interaction results in prolonged time courses for activation and possibly deactivation. Specifically, the electrophysiological defects detected in the visual response of norpA C1094S transgenic flies include longer latencies to activation, slower initial slopes, and more prolonged repolarizing phases than that of wt flies and other INAD complex-specific mutants. The increased latencies and the smaller initial slopes imply a general slower activation of TRP channels in response to light stimulus. Similarly, the delayed repolarization defects are likely to be because of either an accumulation of late activated channels, a defect in the deactivation of TRP channels, or a mixture of both.
The norpA C1094S recordings indicate that the localization of NORPA is the most important factor in normal activation kinetics. The specific channel activating phenomenon of NORPA also seems to be independent of INAD and eye-PKC, as seen in our single and double mutants, suggesting possible direct interactions of NORPA with TRP for activation. In terms of activation, it is important to note that a loss of the INAD-NORPA interaction only affects latency and initial slope, and does not lead to a complete loss of the activation phenomenon. Once again, this strongly supports the notion that NORPA acts directly to regulate TRP's activation, and that it or its effector expectedly requires a longer time to ''find'' TRP and produce its effects on activation when mislocalized.
There are several possible mechanisms that may account for the deactivation defects. Our finding that the double mutant norpA C1094S ;inaC p209 displays a more severe deactivation than either single mutants, suggests that the delayed deactivation in norpA C1094S and inaC p209 may result from two independent processes. It may be that norpA C1094S , unlike inaC p209 , has no deactivation defects on the single-cell͞single-channel level and that the large residual conductance seen after a stimulus, on a macroscopic level, is carried by late-activated TRP channels. Late-activated TRP channels could thereby mask the normal deactivation of single channels. It is also possible that eye-PKC is partially active in norpA C1094S and that the deactivation is synergistically lengthened in the absence of eye-PKC (norpA C1094S ;inaC p209 ). The exact mechanism by which eye-PKC regulates deactivation is not known. It is known, however, that eye-PKC is an integral part of the INAD complex and may phosphorylate NORPA, INAD, TRP, and͞or other unidentified substrates. The mislocalization of NORPA may lead to improper activation of PKC that may phosphorylate TRP, which in turn acts to help repolarize the cell. It is also possible that PKC may facilitate down-regulation by phosphorylating NORPA. Future analysis using patch clamp techniques will allow distinction among these possible mechanisms. One of the most interesting, yet unresolved dilemmas in Drosophila visual transduction is the mechanism for cation channel gating. There are two cation channels, TRP and TRPL, that contribute to the light-induced depolarization. The calcium influx via TRP constitutes the major component of light-induced currents, whereas TRPL, a nonselective cation channel (34) , contributes only to a minor fraction (35) . Our analysis of norpA C1094S ;trp p301 is consistent with this notion. The mechanism by which these cation channels are gated has been subjected to intense investigation. Several diffusible molecules generated upon the activation of NORPA, such as inositol triphosphate and calcium, have been proposed as potential second messengers, although no satisfactory candidates have been elucidated. Besides the diffusible compounds as second messengers, it is also likely that gating of channels can be regulated via protein-protein interactions. One such example is the activation of GirK, the potassium channel in heart, by direct interaction with the ␤␥-subunit of the GTPbinding proteins (36) . The elusive nature of the second messenger in the visual cascade leads us to speculate that novel protein-protein interactions may account for the activation of channels. Indeed, our double mutant analysis strongly supports this hypothesis. We show that the ERG response in norpA C1094S is drastically reduced in the presence of the InaD p215 mutation. InaD p215 expresses a modified INAD that lacks the interaction with TRP. Consequently, both TRP and NORPA are not associated with INAD in norpA C1094S ;InaD p215 double mutants. Because the activation of TRP is greatly diminished in the double mutants, this suggests that NORPA may be involved in activation of the TRP channel. Based on these results, we propose that INAD acts as a scaffold protein to facilitate the NORPA-TRP interactions required for gating of the TRP calcium channel (Fig. 8) . We conclude that the association of INAD with these two interacting proteins is essential for the controlled activation and deactivation of light-induced currents.
Note. While this manuscript was in review, Tsunoda et al. (37) reported the identification of an InaD mutant, InaD 2 , that shows an ERG phenotype similar to that of norpA C1094S .
